We have investigated ambipolar charge injection and transport in organic field-effect transistors (OFETs) as prerequisites for a lightemitting organic field-effect transistor (LEOFET). OFETs containing a single material as active layer generally function either as a p-or an n-channel device. Therefore, ambipolar device operation over a wide range of operating voltages is difficult to realize. Here, we present a highly asymmetric heterostructure OFET architecture using the hole transport material pentacene and the electron transport material N,Nditridecylperylene-3,4,9,10-tetracarboxylic diimide (PTCDI-C 13 H 27 ). Efficient charge carrier injection is achieved by using Au as bottom contact for hole injection into pentacene and Mg as top contact for electron injection into PTCDI-C 13 H 27 . The device characteristic of this asymmetric heterostructure shows all features of ambipolar operation. For example, a typical transistor characteristic with a linear and saturation region is observed for small drain-source voltage V DS . For large V DS , the current increases due to additional injection of charge carriers of opposite sign from the drain contact. In that regime, both types of charge carriers are present in the device. Thus, the thin-film transistor can be operated in a mixed state in which both electron and hole currents are transported within the device and where the double injection regime is controlled by the gate voltage. Our device exhibits electron and hole mobilities of 3 × 10 −3 cm 2 /Vs and 1 × 10 −4 cm 2 /Vs, respectively. Investigation of a bulk heterostructure of a thienylene derivative and PTCDI-C 13 H 27 results in a light-emitting field-effect transistor. The light emission is controlled by both the drain-source voltage V DS and the gate voltage V G .
Introduction
Electronic thin-film devices based on organic materials are extensively investigated in the form of organic lightemitting diodes (OLEDs) [1, 2] , organic solar cells [3, 4] , electro-chemical cells [5] and organic field-effect transistors (OFETs) [6] [7] [8] [9] . The progress in the field of OLEDs for display applications was recently highlighted by the demonstration of a 20-in. full-color active-matrix OLED display, driven by amorphous Si thin-film transistors [10] . OFETs are being developed as switching devices for active-matrix OLED displays [11] and for low-cost electronics, such as lowend smart cards and electronic identification tags. Combin-ing light emission with switching characteristics in a single device, i.e., a light-emitting field-effect transistor (LEFET), would not only increase the number of potential applications of organic optoelectronic devices, but also present an ideal structure for lifetime studies of organic light-emitting materials under different driving conditions and charge-carrier balances. Similar to an OLED, light emission from an OFET requires electron and hole injection and transport as well as exciton formation followed by efficient radiative decay. Ambipolar device characteristics have been observed and described in detail in amorphous silicon field-effect transistors (FETs) [12] [13] [14] . However, in organic materials typically unipolar transport is observed, i.e., one type of charge carrier is transported preferably, and thus, the transistor operates either as a p-or an n-channel device. This is even the case for single-material LEOFETs [15] [16] [17] . In order to overcome this problem, we have investigated heterostructures of organic hole and electron transport materials. Here we report ambipolar field effect transistors based on pentacene as hole transport material and PTCDI-C 13 H 27 as electron transport material [18] . Concerning light emission, an ambipolar lightemitting transistor would allow the electron-hole balance as well as the location of the recombination zone between source and drain electrodes to be tuned by the gate voltage. In order to achieve light emission from an ambipolar field-effect transistor, we have replaced the hole transport material pentacene with a thienylene derivative.
Device preparation and experimental methods
We fabricated OFET devices using pentacene as the hole-transport material and N,N-ditridecylperylene-3,4,9,10-tetracarboxylic diimide (PTCDI-C 13 H 27 ) as the electrontransport material in a heterostructure. Pentacene is a thoroughly investigated hole-transport material, for which a hole mobility of up to 2.2 cm 2 /Vs has been reported [19] . PTCDI-C 13 H 27 belongs to a class of perylene derivatives, which are well-studied electron-transport materials. For a similar compound, PTCDI-C 8 H 17 , which differs only in its shorter C 8 H 17 side chain, an electron mobility of up to 0.6 cm 2 /Vs has been reported [20] . The schematic architecture of our device is shown in Fig. 1(a) . A heavily doped, n-type Si wafer (dop- [22] and PTCDI-C 13 H 27 and work function of the two metal contacts, Au and Mg [23] . The values for PTCDI-C 13 H 27 were estimated from [24] . Reprinted with permission from [18] . ing level 10 18 /cm 3 ) with an aluminum back contact acts as gate electrode and substrate. The gate insulator consists of a thermally grown SiO2 layer with a thickness of 150 nm. Prior to processing, the oxidized wafer was cleaned with a standard wet cleaning procedure, comprising ultrasonic cleaning in acetone and isopropanol. In order to achieve efficient hole and electron injection, we incorporate Au and Mg as electrodes with high and low work functions, respectively, resulting in source and drain contacts with low injection barriers. The Au contact was thermally evaporated in a high-vacuum chamber at a pressure of 5 × 10 −7 mbar and had a thickness of 40 nm; its lateral dimensions were defined by shadow masks. Next, the organic heterostructure was evaporated, starting with a pentacene film (30 nm) followed by a PTCDI-C 13 H 27 film (50 nm). The deposition rate was typically 0.5Å/s. Finally, the 50-nm thick Mg top contact was evaporated through a second shadow mask. The completed device structure represents a highly asymmetric FET with respect to source and drain contacts and both active organic layers ( Fig. 1(a) ). The channel length and width of the heterostructure OFET were 140 and 2000 m, respectively. The preparation of the bulk heterostructure device consisting of PTCDI-C 13 H 27 and the thienylene derivative is described elsewhere [21] . The energetic levels of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of pentacene and of PTCDI-C 13 H 27 with respect to the work function of Au and Mg are shown schematically in Fig. 1(b) . The HOMO level of pentacene lies at 5.0 eV [22] and is aligned with the work function of Au at 5.1 eV [23] , resulting in an efficient injection of holes into the pentacene layer. Mg with its work function of 3.7 eV [23] is chosen as electron-injecting contact to reduce the barrier for electron injection into the PTCDI-C 13 H 27 LUMO level at 3.4 eV. The values for the relevant energy levels of PTCDI-C 13 H 27 were estimated from [24] . For characterization, the devices were transferred through air into an argon glove box (<1 ppm O 2 , H 2 O). The transistor output and transfer characteristics were measured with a probe station using an Agilent 4155C semiconductor parameter analyzer. Simultaneously, the electroluminescence (EL) intensity was measured using a Hamamatsu S1336 photodiode. The charge-carrier mobility can be extracted from the transfer characteristics using the saturated drain current I D,sat versus V G relation
Here, W stands for the channel width, L for the channel length, µ for the charge carrier mobility, C for the gateoxide capacitance per unit area, V G for the gate voltage and V T for the threshold voltage. The value of V T is derived from the intersection of the linear slope of the square root of I D,sat versus V G with the abscissa. The current on-off ratio is obtained from the semi-logarithmic plot of I D,sat versus V G . Fig. 2 shows the output characteristics of a heterostructure transistor. As the device architecture itself is asymmetric with respect to the source and drain electrodes and the two organic layers, it is important to differentiate not only between positive and negative gate bias, but also between the two cases of either Au or Mg being defined as source contact. Applying a negative gate bias V GS with respect to the Au electrode, typical p-channel characteristics are observed for negative drain-source voltages with |V DS | |V G |. In this voltage range, p-channel characteristics originate from an accumulation layer of holes formed at the pentacene/SiO 2 interface. By increasing |V DS | above a certain value that is gate-bias-dependent (we obtain the following empirical relation: |V DS | |V G | + |V T | with V T −10 V), an abrupt, steep increase in the current is measured. Such a steep increase in the channel current is a typical characteristic of ambipolar operation in OFETs (see also [25] and [26] ). In this voltage range with |V DS | |V G | + |V T |, the gate contact is biased positive with respect to the drain contact. As the Mg contact energetically favors electron injection into PTCDI-C 13 H 27 , an accumulation layer of electrons is expected to form in the PTCDI-C 13 H 27 layer on top of the pentacene layer. Therefore, the current increase is attributed to the injection of electrons into the PTCDI-C 13 H 27 layer and the transport of electrons in a channel formed close to the pentacene layer.
Results and discussion
Considering the transistor output characteristics, with the Mg contact defined as source (common) under positive gate bias. For V G ≥ 15 V, we observe typical n-channel characteristics. As expected for normal transistor output characteristics, the magnitude of I D increases with increasing V G . The current is due to electrons that are injected from the Mg contact into the PTCDI-C 13 H 27 layer and expected to be transported adjacent to the pentacene layer. However, for V G ≤ 10 V, we again observe the pronounced increase of The bias was applied versus the Au and the Mg contact, respectively. In both cases, transistor characteristics are observed with a saturation region for the p-channel regime as well as for the n-channel regime. The other type of charge carrier is injected for large drain-source voltages, resulting in ambipolar transport, observed as a pronounced increase of the drain current. Adapted with permission from [18] .
I D with for large values of V DS . The current increases with decreasing V G , and no current saturation is measured for V G ≤ 5 V. In this voltage regime, the gate contact is negatively biased with respect to the drain contact and therefore, the nonsaturating current originates from holes injected from the Au contact into the pentacene layer.
The ambipolar current originates from both types of charge carriers. Regardless of whether we are in the positive or negative bias regime, one of these currents saturates, whereas for the other no saturation can be observed. In the heterostructure transistor, we therefore always measure a superposition of both the saturating and the nonsaturating characteristics, independent of the voltage regime (positive or negative bias) we are in. Simple modeling of the ambipolar characteristics using the Shockley model [27, 28] for unipolar OFETs, summing up the electron and hole currents, and taking the estimated threshold voltages into account, electron and hole mobilities of 3 × 10 −3 cm 2 /Vs and 1 × 10 −4 cm 2 /Vs can be derived, respectively. Even though pentacene exhibits a relatively high hole mobility in singlelayer devices, the mobility in the heterostructure transistor is much lower. This could be due to morphology changes in the pentacene film caused by the second organic layer. Additionally, it is not clear whether Eq. (1) can still be used because the effective gate voltage applied to the device could be significantly influenced by the heterostructure. Theoretical studies to clarify this are underway, and will be published elsewhere.
Light emission depends strongly on the relative positions of the energy levels of the HOMO and the lowest LUMO of the two organic semiconductors. In that respect, pentacene is not the most suitable material for light emission. In fieldeffect devices based on bulk heterostructures, i.e. devices with a coevaporated layer rather than a bilayer, of PTCDI-C 13 H 27 and a wide-band-gap thienylene derivative, light emission can be observed [21] . Fig. 3(a) shows the output characteristics of a transistor with such a bulk heterostructure. Applying a negative gate bias V G , typical p-channel characteristics are observed in the third quadrant for negative drain-source voltages with |V DS | ≤ |V G |. With increasing |V DS |, an abrupt, steep increase in the drain current I D is measured, which is a typical characteristic of ambipolar operation in OFETs (see also [25, 26] ). This current increase is attributed to the injection of electrons into the organic thin film at the drain contact. A similar behavior is observed for positive gate bias in the first quadrant. The most striking feature, however, is the light emission monitored by the photocurrent of the photodiode as shown in Fig. 3(b) . For negative drain-source and gate voltages, the light output is apparently correlated to the nonsaturating drain current. The highest brightness is achieved for V G = 0 V and V DS = −50 V. For positive drain-source voltages, only weak emission is observed. In contrast to the negative-voltage case, the emission occurs at high gate voltages.
The light output from an ambipolar device is proportional to the recombination rate of electrons and holes between source and drain electrode. Assuming Langevin recombination [29] , the EL intensity I EL is
where ε r is the dielectric constant of the bulk-heterojunction organic layer, n(x) and p(x) are the electron and hole densities, and µ n (x) and µ p (x) are the electron and hole mobilities along the channel, respectively. Whereas the drain current I D is a superposition of the electron and the hole current, the light intensity is determined by the n(x)p(x) product. Therefore, no simple correlation of drain current and EL intensity seems to exist. A quantitative description of the ambipolar drain current, the hole and electron densities along the channel, and the light output will be given elsewhere [30] . Fig. 4 shows the transfer characteristics of the device. For large |V G |, the current originates either from holes for nega- 
Conclusion
We have demonstrated OFETs based on organic heterostructures that exhibit ambipolar conduction over a wide range of bias conditions. Depending on the applied gate bias, either an accumulation layer of holes (negative gate bias) is formed in the pentacene layer or an accumulation layer of electrons (positive gate bias) is formed in the PTCDI-C 13 H 27 layer of the heterostructure device. By applying an additional drain-source voltage, wheras for other bias conditions, it is predominantly a p-channel device. There are even bias regimes in which accumulation layers for both carrier types are formed close to the corresponding contacts, and charge carriers of both polarities can be simultaneously injected from the source and the drain contact. The device has been designed such that it allows the formation of two accumulation layers, one for holes within the pentacene layer, the other for electrons within the PTCDI-C 13 H 27 layer. This is possible by offsetting the energy levels of pentacene and PTCDI-C 13 H 27 in such a way that energetic barriers prevent the charges from flowing into the other material (Fig. 2) . The source and drain electrodes are tailored for efficient carrier injection by choosing the high-work-function metal Au for hole injection and the low-work-function metal Mg for electron injection.
Bulk heterostructures of a wide band gap hole transport material and PTCDI-C 13 H 27 lead to LEOFETs that exhibit pronounced ambipolar conduction over a wide range of bias conditions accompanied by light emission. Light emission is controlled by the drain current, and can be modulated by both the drain-source voltage and the gate voltage. Therefore, the device serves as an excellent model structure for a LEOFET.
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